Background
==========

Lower back pain is a major cause of activity limitation and work absence. Osteoarthritis (OA) is a whole-joint disease that affects the articular cartilage, subchondral bone, and synovium. Facet joints (FJs) and their corresponding intervertebral disc comprise a "three-joint complex" that constitutes a "spinal motion segment" \[[@b1-medscimonit-25-4907]\]. Lumbar spinal FJs (LFJs) were first suggested as a source of lower back and lower-extremity pain in 1911. Since then, so-called "facetogenic back pain" has become a widely accepted, although still controversial, entity in the radiologic and orthopedic literature \[[@b2-medscimonit-25-4907]--[@b9-medscimonit-25-4907]\].

Facet joint OA accounts for 15--40% of chronic lower back pain cases, which are prevalent worldwide \[[@b10-medscimonit-25-4907],[@b11-medscimonit-25-4907]\]. Many risk factors for LFJ arthritis have been identified, including age, sex, and body weight \[[@b10-medscimonit-25-4907]\]. Among these, sex has been identified as an independent risk factor that contributes to LFJ degeneration, because the degeneration occurs more frequently in women \[[@b12-medscimonit-25-4907],[@b13-medscimonit-25-4907]\]. Further studies demonstrated that the prevalence of LFJ arthritis increases dramatically in women at about age 50 years, which coincides with the onset of menopause \[[@b14-medscimonit-25-4907]\]. In addition, the severity of LFJ arthritis is correlated with estrogen receptor expression in LFJ cartilage \[[@b15-medscimonit-25-4907]\]. Thus, the cumulative evidence suggests that estrogen plays a pivotal role in regulating metabolic homeostasis in LFJs.

To date, FJ OA has received far less extensive research attention than the dominant phenotype, knee OA. Because there is no targeted pharmacological therapy, clinical management of FJ OA includes analgesic or surgical treatment. In knee OA, the conceptualization has shifted away from a predominant focus on cartilage degeneration toward a view of OA as a whole-joint failure resulting from an imbalance between the breakdown and repair of joint tissues, predominantly cartilage and subchondral bone \[[@b16-medscimonit-25-4907]\]. Increased bone remodeling is considered a critical event in OA development; therefore, subchondral bone turnover has attracted research attention, with antiresorptive agents (such as bisphosphonates) being potentially disease-modifying therapies. Accordingly, agents with dual roles in modulating both cartilage and bone metabolism have potential as new drugs for OA treatment.

Bisphosphonate has been widely recognized worldwide as a first-line drug treatment for osteoporosis. Although some studies have shown that alendronate (ALN) has a protective effect on degenerative cartilage and subchondral bone in knee OA \[[@b17-medscimonit-25-4907]\], the effect of ALN on LFJ degeneration has not been evaluated. Cartilage oligomeric matrix protein (COMP) is a noncollagenous extracellular matrix (ECM) protein that is mainly expressed in cartilage \[[@b18-medscimonit-25-4907]\], and has emerged as a marker for cartilage turnover and joint destruction associated with OA, as well as a marker for the incidence and progression of knee and hip degeneration \[[@b19-medscimonit-25-4907],[@b20-medscimonit-25-4907]\]. The purpose of the present study was to investigate the effects of ALN on subchondral bone by detecting the bone mass and microarchitecture using micro-computed tomography (CT) and on cartilage degradation by histological and immunohistochemical analyses and serum levels of COMP in rats after ovariectomy (OVX).

Material and Methods
====================

Animal model and treatment
--------------------------

Thirty 3-month-old female Sprague-Dawley rats (body weight, 265±14 g; Vital River Experimental Animal Technical Co., China) were used in the study. The rats were randomly assigned to undergo either a sham operation (Sham group; n=10) or bilateral OVX (n=20). The OVX rats were subcutaneously injected with either vehicle (OVX group; n=10) or 70 μg/kg/week ALN (Sigma-Aldrich, USA) \[[@b21-medscimonit-25-4907]\] (OVX+ALN group; n=10), beginning immediately after OVX. Body weights were recorded weekly, and ALN doses were adjusted accordingly. During the whole experiment, all animals were kept at 21±1°C on a 12-hour/12-hour light/dark cycle. All rats were allowed free access to water and a maintenance diet (HFK Biotechnology Co., China). All cages contained wood shavings, bedding, and a cardboard tube for environmental enrichment. All experimental procedures in the present study were approved by the Institutional Animal Care and Use Committee of our institution (No. LX201809).

Surgical procedure
------------------

For OVX surgery, the rats were premedicated and given general anesthesia with isoflurane (2% in oxygen). The ovaries were accessed through a ventral abdominopelvic skin incision and exteriorized through the muscle wall on each side. Finally, the fascia and skin were closed. All animals were given a prophylactic antibiotic (Penicillin-G; 40,000 U) starting soon after surgery for 3 days.

Follow-up
---------

All rats were euthanized at 12 weeks postoperatively. The L4--L5 segments of the spine were removed, and the muscles were dissected away from the bone. Blood samples were obtained after the animals were euthanized, and serum was separated by centrifugation and stored at −80°C. Specimens were fixed in formalin for micro-CT scanning, histologic examination, and histomorphometric and immunohistochemical analyses of the L4--L5 FJs.

Biomarker assays
----------------

An enzyme-linked immunosorbent assay (ELISA) kit (Cusabio Biotech Co., China) was used to assess the serum concentration of COMP in accordance with the manufacturer's instructions. The data were collected using an iMARK Reader (Bio-Rad Laboratories, Inc., USA).

Micro-CT analysis
-----------------

The L4--L5 FJs underwent micro-CT analysis of the subchondral bone mass and microarchitecture using SkyScan 1176 (Bruker, Belgium). The subchondral cancellous bone located under the subchondral bone plate was defined as the region of interest. Bone mineral density (BMD), trabecular separation (Tb.Sp), trabecular number (Tb.N), bone volume/trabecular volume (BV/TV), and trabecular thickness (Tb.Th) were calculated.

Histological assessments
------------------------

The L4--L5 spine segments (including the FJs) were fixed in 10% formalin solution and then decalcified in 10% EDTA-2Na for 10 weeks, embedded in paraffin, and cut into 6-μm sections for toluidine blue staining and subsequent histological observation. The histological appearance of the right L4--L5 FJs was evaluated in accordance with the modified Mankin grading system (grade 0: intact surface; grade 1: surface fissures; grade 2: surface fissures to mid-zone; grade 3: surface fissures to deep zone; and grade 4: complete destruction) \[[@b22-medscimonit-25-4907]\]. The cartilage thickness of the right L4--L5 FJs was also calculated. Histological scoring and cartilage thickness calculation were blindly performed by 2 independent researchers.

Immunohistochemical analysis
----------------------------

Immunohistochemical analyses were performed to detect the expression levels of aggrecan (1: 500; GeneTex, Inc., USA), collagen II (Col-II) (1: 100; II-II6B3 deposited in DSHB by T.F. Linsenmayer), caspase-3 (1: 200; Boster Co., China), matrix metalloproteinase (MMP)-13 (1: 200; GeneTex, Inc., USA), and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4 (1: 200; Abcam, Inc., USA) in cartilage. Paraffin sections were deparaffinized with xylene and rehydrated with ethanol. After antigen retrieval with 0.05% trypsin and inactivation of endogenous peroxidases with 0.3% H~2~O~2~, the sections were incubated at 4°C overnight with the target protein antibody. The remaining experimental procedures were conducted in accordance with the protocols provided with the PV-6000 DAB detection kit and ZLI-9018 DAB kit (both from ZSGBBIO Corp., China), before being counterstained with hematoxylin. Images were captured at 100× magnification using a BX53 microscope (Olympus, Japan) and semiquantitatively analyzed with Image-Pro Plus version 6.0 software (Media Cybernetics, USA). The average optical density intensity of each protein, expressed as the integrated optical density/mm^2^, was defined as the value of the integrated optical density divided by the cartilage area.

Statistical analysis
--------------------

All data were analyzed using SPSS 20.0 software (SPSS, Inc., USA) and presented as mean ± standard error of the mean. Differences between groups were compared by one-way analysis of variance followed by Fisher's least-significant difference test. Differences in modified Mankin scores between groups were analyzed by the Kruskal-Wallis H test, followed by the Dunn-Bonferroni post hoc test. Pearson correlation analysis was used to evaluate the correlation of serum COMP concentration with cartilage thickness. Two-tailed *P*-values of less than 0.05 were considered statistically significant.

Results
=======

Body weight
-----------

The body weights showed no significant difference at baseline between any 2 groups, and increased over time in all groups. The body weights in the OVX group and OVX+ALN group were significantly higher than those in the Sham group at 2 weeks after surgery (*P*\<0.05) and became more obviously different with increasing age (*P*\<0.001), with no marked differences between the OVX group and OVX+ALN group ([Figure 1](#f1-medscimonit-25-4907){ref-type="fig"}).

Histological examination of articular cartilage
-----------------------------------------------

Toluidine blue staining showed no notable lesions in the cartilage surface in the Sham group: the chondrocyte structure was normal and the ECM was uniformly stained. The OVX group had obvious cartilage degeneration, characterized by surface irregularities and small fissures. After ALN administration, the degree of cartilage injury in OVX rats was alleviated. The OVX group had significantly higher modified Mankin scores than the Sham group and OVX+ALN group (all *P*\<0.05). There were no significant differences between the Sham group and OVX+ALN group (*P*\>0.05) ([Figure 2](#f2-medscimonit-25-4907){ref-type="fig"}).

The cartilage was significantly thinner in the OVX group than in the Sham group (*P*\<0.05). The cartilage was significantly thicker in the OVX+ALN group than in the OVX group (*P*\<0.001), but did not differ significantly between the OVX+ALN group and Sham group (*P*\>0.05) ([Figure 2](#f2-medscimonit-25-4907){ref-type="fig"}).

Immunohistochemical assessments
-------------------------------

Compared with the Sham group, the OVX group had significantly lower expression of aggrecan (*P*\<0.01), but significantly higher expression of ADAMTS-4, MMP-13, and caspase-3 (all *P*\<0.001). Compared with the OVX group, the OVX+ALN group had significantly lower expression of ADAMTS-4, MMP-13, and caspase-3 (all *P*\<0.001), but significantly higher expression of aggrecan (*P*\<0.05) ([Figure 3](#f3-medscimonit-25-4907){ref-type="fig"}).

Biomarker analysis
------------------

The OVX group had significantly higher serum COMP concentrations than the Sham group (*P*\<0.01). However, there were no significant differences in serum COMP concentrations between the OVX+ALN group and OVX group or Sham group (all *P*\>0.05) ([Figure 4](#f4-medscimonit-25-4907){ref-type="fig"}).

Micro-CT analysis of subchondral bone
-------------------------------------

Compared with the Sham group, the OVX group had significantly lower BMD (*P*\<0.001), BV/TV (*P*\<0.001), and Tb.Th (*P*\<0.05), but significantly higher Tb.Sp (*P*\<0.001). Compared with the OVX group, the OVX+ALN group had significantly higher BMD, BV/TV, and Tb.Th, but significantly lower Tb.Sp (all *P*\<0.001) ([Figure 5](#f5-medscimonit-25-4907){ref-type="fig"}).

Correlation analysis
--------------------

The serum COMP concentration was significantly negatively correlated with cartilage thickness (r=−0.380, *P*=0.038) ([Figure 6](#f6-medscimonit-25-4907){ref-type="fig"}).

Discussion
==========

In the present study, we examined the role of estrogen deficiency-induced subchondral bone deterioration in FJ cartilage degeneration, and further evaluated the effect of ALN in this model, focusing mainly on the morphology and molecular changes in both the subchondral bone and cartilage. We first demonstrated that estrogen deficiency induced by OVX led to osteopenia in subchondral bone and cartilage degeneration. Furthermore, ALN treatment retarded these degenerative changes by preventing deterioration of the subchondral bone microarchitecture and inhibiting catabolic metabolism in cartilage.

Bilateral OVX animals are widely used as models of postmenopausal osteoporosis \[[@b23-medscimonit-25-4907]\], in which bone turnover is abnormally increased. Emerging evidence from clinical and animal studies indicates that abnormal subchondral bone remodeling and subsequent deterioration of the bone microarchitecture and quality greatly contributes to degeneration of the anatomically adjacent cartilage \[[@b24-medscimonit-25-4907],[@b25-medscimonit-25-4907]\]. In the present study, at 12 weeks postoperatively, OVX rats had significantly lower BMD, BV/TV, and Tb.Th, and significantly greater Tb.Sp in subchondral bone compared with those who underwent sham surgery. These findings demonstrate that activated bone remodeling and deterioration of the subchondral bone architecture, which are considered to change the biomechanical properties of subchondral bone and thereby alter its ability to absorb stress from cartilage and even transmit aberrant stress to articular cartilage, finally lead to cartilage deterioration, which in turn transmits more loading to the subchondral bone, resulting in whole-joint degeneration as OA \[[@b26-medscimonit-25-4907],[@b27-medscimonit-25-4907]\]. Interestingly, prior induction of osteoporosis by OVX increased the severity of cartilage damage in an experimental OA rabbit model, and cartilage damage was positively correlated with bone loss \[[@b28-medscimonit-25-4907]\]. Further evidence suggests that estrogen deficiency not only leads to enhanced bone remodeling, and thus bone loss and deterioration of biomechanical properties, but also activates catabolism in cartilage \[[@b29-medscimonit-25-4907],[@b30-medscimonit-25-4907]\].

In line with the abovementioned studies, the histological data in the present study demonstrated that OVX-induced catabolic metabolism in cartilage in rat FJs led to histological changes suggestive of OA, such as much thinner cartilage compared with the Sham group. Immunohistochemical analyses provided more evidence for the effect of OVX on cartilage metabolism. MMP-13 and ADAMTS-4 are important matrix-degrading enzymes that play major roles in cartilage turnover and degradation of Col-II and aggrecan \[[@b31-medscimonit-25-4907]--[@b34-medscimonit-25-4907]\]. Caspase-3 is an apoptotic executive protease \[[@b35-medscimonit-25-4907]\], and is increased in chondrocyte apoptosis \[[@b36-medscimonit-25-4907]\]. Our results demonstrated that OVX rats had significantly increased expression of MMP-13, ADAMTS-4, and caspase-3, and significantly decreased expression of aggrecan compared with the Sham group. However, it is interesting that the degenerative cartilage changes in OVX rats were mainly manifested as small fissures confined to the surface, and did not extend to the deeper cartilage, indicating relatively modest cartilage lesions compared with those secondary to mechanical instability or chemical stimulation \[[@b37-medscimonit-25-4907]--[@b39-medscimonit-25-4907]\]. Our findings are consistent with previous studies, in which the main feature of FJ cartilage degeneration was loss of thickness, but not damage to superficial cartilage \[[@b40-medscimonit-25-4907],[@b41-medscimonit-25-4907]\], thereby supporting the hypothesis that estrogen can prevent cartilage loss. Based on the present findings and those from previous studies, we conclude that estrogen deficiency stimulated subchondral bone remodeling with resultant deterioration of the subchondral bone microarchitecture and thus impaired the biomechanical properties, and also led to high cartilage turnover with increased chondrocyte apoptosis and catabolic metabolism, which finally caused the cartilage degeneration in this model.

The important role of the subchondral bone in OA development enlarges the window for screening of new agents for its treatment, particularly for subtypes with obviously abnormal bone remodeling activity \[[@b42-medscimonit-25-4907]\]. ALN is widely used for osteoporosis treatment as a bone resorption-inhibiting agent, while accumulating evidence from a series of animal studies supports the potential protective effects of ALN in OA \[[@b43-medscimonit-25-4907]--[@b45-medscimonit-25-4907]\]. Our previous study evaluated the effects of ALN on subchondral bone quality and cartilage degeneration in an anterior cruciate ligament transection-induced rabbit model of knee OA, and proved that ALN plays an important role in cartilage protection in OA joints by inhibiting subchondral bone resorption and thereby improving subchondral bone quality \[[@b46-medscimonit-25-4907]\]. In the OVX rat model, ALN treatment inhibited both subchondral bone loss and cartilage degeneration in the knee joints \[[@b47-medscimonit-25-4907]\]. However, to date, no studies have shown the effect of ALN on FJ degeneration in OVX rats. As expected, the micro-CT results in the present study demonstrated that ALN treatment completely prevented the bone loss and microarchitecture deterioration of the subchondral bone. Furthermore, the BMD in the OVX+ALN group was comparable to that in the Sham group, and significantly higher than that in the OVX group. These results are consistent with previous studies \[[@b46-medscimonit-25-4907],[@b47-medscimonit-25-4907]\]. In addition, the parameters for the subchondral bone structure further proved the preservation effect of ALN in this model. The decreased BV/TV and Tb.Th and increased Tb.Sp in OVX rats were completely retarded by ALN treatment, which reversed these changes to normal levels because no differences were observed between the OVX+ALN group and Sham group.

A previous study showed that deterioration in subchondral bone (low BV/TV and Tb.Th, high Tb.Sp, and rod-like structure) occurs before the onset of cartilage degeneration \[[@b48-medscimonit-25-4907]\]. Thus, we speculate that ALN protects the subchondral bone against resorption and fragility, and thereby preserves its structure and biomechanical properties, finally contributing to the beneficial effects of ALN on cartilage in this OVX rat model, because the histological cartilage analyses showed that ALN treatment prevented the morphological changes in FJ cartilage in OVX rats. In particular, ALN significantly inhibited the loss of cartilage thickness. Another mechanism by which ALN protects cartilage is inhibition of the cartilage degradation accelerated by prostaglandins, leukotrienes, and certain growth factors produced by osteoblasts during subchondral bone remodeling \[[@b49-medscimonit-25-4907]\].

The immunohistochemical analyses further explored the mechanism for ALN protection of FJ cartilage in OVX rats, and revealed that intervention with ALN significantly decreased the expression levels of MMP-13, ADAMTS-4, and caspase-3 in the FJ cartilage of OVX rats, and significantly increased the expression of aggrecan. These findings indicate that ALN positively affects the maintenance of the balance between cartilage ECM metabolism and inhibition of chondrocyte apoptosis in FJ OA. Stimulation of chondrocyte proliferation is another positive function of ALN \[[@b50-medscimonit-25-4907]\]. Although the exact details of the mechanism are unclear, this function may be associated with the direct or indirect effects of ALN on the OPG/RANKL pathway \[[@b51-medscimonit-25-4907]\]. Therefore, the direct effects of ALN in maintaining the structural integrity of cartilage and inhibiting the loss of cartilage thickness may be attributed to its protection of cartilage chondrocytes and ECM metabolism.

Notably, we started the ALN treatment immediately after OVX, and thus it remains unclear whether ALN treatment would still be effective if it was commenced after cartilage degeneration had occurred. One previous study that tested the effects of ALN on monosodium iodoacetate-induced knee OA in rats using different intervention time-points found that ALN treatment started at study initiation was beneficial for both bone and cartilage, while ALN treatment started at 2 or 6 weeks after study initiation showed protective effects on bone but not cartilage \[[@b17-medscimonit-25-4907]\]. Therefore, the timing of ALN treatment initiation is crucial for treatment of OA. It is clinically more beneficial to protect both the subchondral bone and cartilage in OA.

Our previous study demonstrated that COMP is also a biomarker for FJ degeneration in OVX rats \[[@b41-medscimonit-25-4907]\]. The present study confirmed that the serum COMP concentration was negatively correlated with cartilage thickness. However, an unexpected result was that the COMP level in the OVX+ALN group did not differ significantly from that in the OVX group or Sham group, and this may be because ALN partially prevented the COMP increase in OVX rats. Further studies with more follow-up time-points are needed to provide more information with which to clarify this phenomenon.

Conclusions
===========

In summary, OVX resulted in overactive subchondral bone remodeling and cartilage catabolism, finally causing the development of OA. ALN treatment at the dosage and time-points used in the present study suppressed the degenerative changes in both the subchondral bone and cartilage and inhibited chondrocyte apoptosis. All of these factors contributed to the preventive effects of ALN on OA in this OVX rat model.
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